We measure the quantum capacitance and probe thus directly the electronic density of states of the high mobility, Dirac type of two-dimensional electron system, which forms on the surface of strained HgTe. Here we show that observed magneto-capacitance oscillations probe in contrast to magnetotransport -primarily the top surface. Capacitance measurements constitute thus a powerful tool to probe only one topological surface and to reconstruct its Landau level spectrum for different positions of the Fermi energy.
We measure the quantum capacitance and probe thus directly the electronic density of states of the high mobility, Dirac type of two-dimensional electron system, which forms on the surface of strained HgTe. Here we show that observed magneto-capacitance oscillations probe in contrast to magnetotransport -primarily the top surface. Capacitance measurements constitute thus a powerful tool to probe only one topological surface and to reconstruct its Landau level spectrum for different positions of the Fermi energy. Three dimensional topological insulators (3D TI) represent a new class of materials with insulating bulk and conducting two-dimensional surface states [1] [2] [3] [4] . The properties of these surface states are of particular interest as they have a spin degenerate, linear Dirac like dispersion with spins locked to their electrons k-vector [4, 5] . Strained epilayers of HgTe, examined here, constitute a 3D TI with high electron mobilities allowing the observation of Landau quantization and quantum Hall steps down to low magnetic fields [6, 7] . While unstrained HgTe is a zero gap semiconductor with inverted band structure [8, 9] , the degenerate Γ8 states split and a gap opens at the Fermi energy E F if strained. This system is a strong topological insulator [10] , explored so far by transport [6, 7, 11] , ARPES [12] , photoconductivity and magneto-optical experiments [13] [14] [15] [16] ; also the proximity effect at superconductor/HgTe has been investigated [17] . Since these two-dimensional electron states (2DES) have high electron mobilities of several 10 5 cm 2 /V·s, pronounced Shubnikov-de Haas (SdH) oscillations of the resistivity and quantized Hall plateaus commence in quantizing perpendicular magnetic fields [6, 7, 11] , stemming from both, top and bottom 2DES. The origin of the oscillatory resistivity is Landau quantization which strongly modifies the density of states (DoS). Capacitance spectroscopy allows to directly probe the thermodynamic DoS dn/dµ (n = carrier density, µ = electrochemical potential) denoted as D, of a 3D TI. The total capacitance measured between a metallic top gate and a twodimensional electron system (2DES) depends, besides the geometric capacitance, also on the quantum capacitance e 2 D , connected in series and reflecting the finite density of states D of the surface electrons [18] [19] [20] ; e is the elementary charge. Below, the quantum capacitance of the top surface layer is denoted as e 2 D t , the one of the bottom layer by e 2 D b .
The experiments are carried out on strained 80 nm thick HgTe films, grown by molecular beam epitaxy on [18] , but extended by the quantum capacitance of the bottom surface, Ae 2 D b . A similar equivalent circuit was recently introduced in [21] .
CdTe (013) [16] . The Dirac surface electrons have high electron mobilities of order 4 × 10 5 cm 2 /V·s. The crosssection of the structure is sketched in Fig. 1a . For transport and capacitance measurements, carried out on one and the same device, the films were patterned into Hall bars with metallic top gates (Fig. 1b) . For gating, two types of dielectric layers were used, giving similar results: 100 nm SiO 2 and 200 nm of Si 3 N 4 grown by chemical vapor deposition or 80 nm Al 2 O 3 grown by atomic layer deposition. In both cases, TiAu was deposited as a metallic gate. The measurements were performed at temperature T = 1.5 K and in magnetic fields B up to 13 T. Several devices from the same wafer have been studied. For magnetotransport measurements standard lock-in technique has been applied with the excitation AC current of 10-100 nA and frequencies from 0.5 to 12 Hz. For the capacitance measurements we superimpose the dc bias voltage V g and a small ac bias voltage (see Fig. 1c ) and measure the ac current flowing across our device phase sensitive using lock-in technique. The typical ac voltage was 50 mV at a frequency of 213 Hz. The absence of both leakage currents and resistive effects in the capacitance were controlled by the real part of the measured ac current. In order to avoid resistive effects in high magnetic fields additional measurements at lower frequencies (up to several Hz) were performed.
When the Fermi level (electrochemical potential) is located in the bulk gap the system can be viewed as a three-plate capacitor where the top and bottom surface electrons form the two lower plates (see Fig. 1c and the corresponding equivalent circuit in Fig. 1d ). From this equivalent circuit follows that, as long as D b does not vanish, the measured total capacitance is more sensitive to changes of D t than of D b ; the explicit connection between D t , D b and the total capacitance C is given in the Supplemental Material. The ratio of
tb is significantly larger than unity since AD b e 2 + C tb is (at B = 0) at least a factor of two larger than C tb . Here, C tb is the geometric capacitance C tb = ε HgTe ε 0 A/d HgTe between top and bottom layer, with ε HgTe ≈ 21 [22] , the dielectric constant of HgTe, d HgTe is the thickness of the HgTe film, A is the gated TI area and ε 0 the dielectric constant of vacuum. Therefore, the measured capacitance reflects primarily the top surfaces DoS, D t . In the limit C tb → 0 (infinite distance to bottom surface) or (e 2 D b → 0) (no charge on bottom surface) the total capacitance C is given by the expression usually used to extract the DoS D of a two-dimensional electron system: 1/C = 1/C gt + 1/Ae 2 D with the geometric capacitance C gt = ε gt ε 0 A/d gt , where ε gt is the dielectric constant of the layers between gate and top 2DES, and d gt , is the corresponding thickness [19, 20] . Note that C gt e 2 D t therefore the variations of the DoS cause only small changes of the measured value of C. Typical ρ xx and ρ xy traces as function of the gate voltage V g are shown in Fig. 2a . ρ xx displays a maximum near V g = 1.5 V, whereas ρ xy changes sign; this occurs in the immediate vicinity of the charge neutrality point (CNP) [7] . The corresponding capacitance C(V g ) at B = 0 in Fig. 2b exhibits a broad minimum between 2.2V and 4.5 V and echoes the reduced density of states D t and D b of the Dirac 2DES when the Fermi energy E F is in the gap of HgTe. For V g > 4.5 V, E F moves into the conduction band where surface electrons coexist with the bulk ones. There, the capacitance (and thus the DoS) is increased and grows only weakly with increasing V g . Reducing V g below 2.2 V shifts E F below the valence band edge so that surface electrons and bulk holes coexist. A strong positive magnetoresistance, a non-linear Hall voltage and a strong temperature dependence of ρ xx provide independent confirmation that E F is in the valence band [7] . Due to the valley degeneracy of holes in HgTe and the higher effective mass, the DoS, and therefore the measured capacitance C is highest in the valence band.
For B well below 1 T both C(V g ) and ρ xx (V g ) start to oscillate and herald the formation of Landau levels (LLs). The C(V g ) trace oscillates around the zero field capacitance, shown for B = 2 T in Fig. 2b . These oscillations, reflecting oscillations in the DoS, are more pronounced on the electron side (to the right of the CNP). This electronhole asymmetry stems mainly from the larger hole mass, leading to reduced LL separation on the hole side. At higher fields Hall conductivity σ xy and resistivity ρ xy (not shown) become fully quantized, for both electron and hole side. σ xy (V g ), shown for B = 4 T, 7 T, and 10 T in Fig. 2c , shows quantized steps of height e 2 /h , ( h = Plancks constant) as expected for spin-polarized 2DES.
An overview of transport and capacitance data in the whole V g and B space is presented in Figs. 3d and 3e as 2D color maps (see the Supplementary Material for additional data). We start with discussing the σ xx data, calculated from σ xx = ρ xx /(ρ 2 xx + ρ 2 xy ), in Fig. 2d first. The sequence of σ xx maxima and minima is almost symmetrical to the CNP where the electron and hole densities are equal. At fixed magnetic field the distance ∆V g between neighboring σ xx minima corresponds to a change in a carrier density ∆n from which we can calculate, with the LL degeneracy eB/h, the filling rate dn/dV g = α total = 7.6 × 10 10 cm −2 /V at 10 T. Comparison of electron densities extracted in the classical Drude regime with densities taken from the periodicity of SdH oscillations have shown that σ xx oscillations at high B reflect the total carrier density in the TI, i.e. charge carrier densities in the bulk plus in top and bottom surfaces [7] . We therefore conclude that the filling rate α total describes the change of the total carrier density n with V g and is directly proportional to the capacitance per area C/A = edn/dV g . α total = 7.6×10 10 cm −2 /V corresponds to a capacitance of C/A = eα total = 1.22 × 10 −4 F/m 2 , a value close to the calculated capacitance C . For the plot each σxx(Vg) trace has been normalized with respect to the average value, set to 1. The red color stands for σxx maxima while blue color displays minima. From the distance between blue σxx minima we extract a filling rate of α total = 7.6 × 10 10 cm −2 /V (see text). This allows constructing a LL fan chart (dashed yellow lines) which describes the low filling factors ν well. (e) 2D color map of δC(B) = C(B) − C(0) shown as function of B and Vg. As in (d), the red color stands for LL maxima (DoS maxima) while blue color display the gaps between LLs. The LL fan chart is the same as in d. CNP, Ec, and Ev are marked on the x-axis. dau level fan chart, i.e. the calculated positions of the σ xx minima as function of V g and B, fits the data for low filling factors ν quite well. For filling factors larger than ν = 2 on the electron side the fan chart significantly deviates from experiment and is discussed using higher resolution data below. On the hole side where the SdH oscillations stem from bulk holes, fan chart and experimental data match almost over the whole (V g , B) range. Remarkably, minima corresponding to odd filling factors are more pronounced than even ones, reflecting the large hole g-factor. We now turn to the magneto-capacitance data δC = C(V g , B) − C(V g , B = 0) shown in Fig. 2e . The data are compared with the same fan chart derived from transport. On the electron side, the experimental δC minima display a reduced slope compared to the calculated fan chart, pointing to a reduced filling rate. This is a first indication that the capacitance does not reflect the total carrier density in the system but predominantly the fraction of the top 2DES only. On the hole side the LL fan chart fits the data quite well but in contrast to transport, LL features are less well resolved there. This asymmetry is connected to the different effective masses; the enhanced visibility in transport is due to that fact that SdH oscillations depend on D 2 while the capacitance depends on D only.
Previous transport experiments have shown that the periodicity of the SdH oscillations is changed at low magnetic fields, reflecting a reduced carrier density. Tentatively, this was ascribed to SdH oscillations stemming from the top surface only [7] . When top and bottom surface electrons have different electron densities and mobilities it is expected that Landau level splitting -in sufficiently low B -is in transport first resolved for the layer with the higher density and mobility, i.e. higher partial conductivity and lower LL level broadening. This expectation is consistent with previous experimental observation [7] . If, indeed, the low field SdH oscillations resemble the carrier density of a single Dirac surface, capacitance oscillations which probe preferentially the top surface and SdH oscillations should have the same period. Thus we compare σ xx and capacitance δC in Fig. 3a and 3b at low B up to 1.5 T. In this low field region the capacitance (Fig. 3b) shows overall uniform oscillations of δC. The position of the maxima, corresponding to different LLs, is perfectly fitted by two fan charts featuring a distinct crossover at about V g = 4.4 V. The crossover is due to E F entering the conduction band which causes a reduced filling rate of the electrons responsible for the quantum oscillations at V g > 4.4 V. Apparently, the quantum oscillations are caused by the top surface electrons only while the bulk electrons and electrons on the bottom surface merely act as a reservoir. Note, that the filling rate into the top surface state, probed in experiment, gets reduced when the filling rate into bulk states = 0, since the total filling rate must be constant [7] . From the distance of δC maxima at constant B we can extract the filling rate α 10 cm −2 /V. This means that in the gap α gap top /α total = 70 % of the total filling rate apply to the top surface while the remaining 30 % can be ascribed to the bottom surface. The reduced filling rate α bulk top for E F in the conduction band is 0.44 · α total and hence the remaining filling rate of 56 % is shared between bulk and back surface filling. We note that we obtain reasonable values for the filling rates only when we assume spinresolved LL degeneracy. Since there is no signature of spin splitting down to 0.6 T, where the oscillations get no longer resolved one can conclude that the quantum oscillations always stem from non-degenerate LLs, proving the topological nature of the charge carriers. The extrapolation of the two fan charts towards B → 0 defines two specific points on the V g -axis, denoted as V g correspond only to virtual zeroes of the electron density while the real one is much deeper in the valence band.
To get a better resolution of the low field SdH oscillation we plot d 2 σ xx /dV 2 g in Fig. 3a ; as before red regions indicate σ xx maxima. The same LL fan chart in Figs. 3b and 3a, fits both, transport and capacitance, quite well. Hence, at sufficiently low B, both σ xx and δC oscillations resemble the carrier density of the top surface only. How-
which get more pronounced at higher B (see below). Two faint lines at B = 1 . . . 1.5 T and V g = 2.5 . . . 3.5 V which appear between the LLs of the top surface and are marked by red arrows in Fig. 3a , are ascribed to SdH oscillations stemming from the bottom surface. More differences occur once E F enters the conduction band (V g > 4.4 V). New maxima appear in the fan chart and form rhomb like structures. These anomalous structures, completely absent in capacitance, get even more intriguing at higher B, displayed in Fig. 3c . Data taken at B up to 4 T, displayed in Figs. 3c and 3d , show marked differences between transport and capacitance. δC maxima, given by the red regions in Fig. 3d are, as before, well described by the same two LL fan chart with the same filling rates as in Figs. 3a and b . The filling factors given on top of Fig. 3d are the ones of the electrons in the top surface only, while the filling factors given in Fig. 3c are the ones of the total carrier density, determined by the total filling rate and the position of the σ xy plateaus in Fig. 2c . The transport data for E F in the gap show splitting of the Landau levels and for V g > 4.4 V, i.e. for E F in the conduction band, a very complex structure with crossing LLs evolves, which is strikingly different from the one observed in the capacitance data. We thus conclude that in transport experiments the three available transport channels (top, bottom surface electrons, bulk electrons) contribute to the signal and lead to a complicated pattern of the quantum oscillations as a function of B and V g . The oscillations of the quantum capacitance, in contrast, stem preferentially from the top surface and allow probing the LL spectrum of a single Dirac surface in a wide range of B and V g . Corrections to that likely occur at high B and V g : a level splitting at (V g ≈ 7 V, B ≈ 3 T) in Fig. 3d suggest that signals from bulk or back surface can affect also δC at higher B, although to a far lesser degree when compared to transport.
In summary, we present first measurements of the quantum capacitance of a TI which directly reflect the DoS of Dirac surface states. The oscillations of the quantum capacitance in quantizing magnetic fields allow tracing the LL structure of a single Dirac surface. The complimentary information provided by transport and capacitance experiments is promising in getting a better understanding of the electronic structure of TIs, the latter being particularly important for potential applications of this new class of materials.
We The experiments were carried out on strained 80 nm thick HgTe films, grown by molecular beam epitaxy (MBE) on CdTe (013) [16] . The Dirac surface electrons have high electron mobilities of order µ ≈ 4 × 10 5 m 2 /V·s [7] . The cross section of a structure is sketched in Fig. S4a . For transport and capacitance measurements, carried out on one and the same device, the films were patterned into Hall bars with metallic top gates (Fig. S4b) .
For gating, two types of dielectric layers were used, giving similar results: 100 nm SiO 2 and 200 nm of Si 3 N 4 grown by chemical vapor deposition or 80 nm Al 2 O 3 grown by atomic layer deposition (not shown in Fig. S4a) . In both cases, TiAu was deposited as a metallic gate. The measurements of the total capacitance C between the gate and the HgTe layer were performed at temperature T = 1.5 K and in magnetic fields up to 13 T. Several devices from the same wafer have been studied. For magnetotransport measurements standard lock-in technique has been applied with excitation AC currents of 10-100 nA at frequencies ω/2π ranging from 0.5 to 12 Hz. For the capacitance measurements we superimpose the DC bias voltage with a small AC bias voltage (see Fig. 2c ) and measure with lock-in technique the AC current flowing across our device phase sensitively. The typical AC voltage was 50 mV at a frequency of 213 Hz. The absence of both leakage currents and resistive effects in the capacitance were controlled by the real part of the measured AC current. These resistive effects occur when the condition RCω << 1 becomes invalid, for example when the series resistance R, i.e. the resistance of the two-dimensional electron gas increases at integer filling factors and high magnetic fields. In order to suppress resistive effects in high magnetic fields additional measurements at lower frequencies (down to several Hz) were performed (see below). 
SAMPLES BAND DIAGRAM AND EQUIVALENT CIRCUIT Electrostatic and band diagram
Following the papers of Stern [23] , Smith [24] and Luryi [18] we introduce an equivalent circuit for the sample's capacitance based on simple one-dimensional electrostatics. The discussion is limited to the case where the Fermi level is located in the gap, so that contributions of bulk holes and electrons are absent. The top and bottom surface layers are treated as infinitely thin, negatively charged surfaces with finite density of states (DoS), i.e. we ignored the spatial distribution of the surface electrons. Finally, we treated the insulating layer as uniform with an average dielectric constant and with the total thickness of the layers given in Fig. S4 .
A cartoon of the resulting simplified band diagram is presented for zero gate voltage V g in Fig. S5a . Without applied V g the Fermi level is constant across the structure. The density of electrons n t and n b on top and bottom surface, respectively, depends on the position of the Fermi level with respect to the Dirac point (which is, other than sketched in Fig. S5a below the valence band edge) . For the sake of simplicity we assume that the densities are the same at V g = 0. This simplification is justified since we are only interested in changes of the carrier density with gate voltage and not in absolute values of the carrier density.
For an applied gate voltage V g = 0 we assume that the voltage drop occurs exclusively across the SiO 2 /Si 3 N 4 insulator leading to an energy difference eV g between the Fermi level in the gate metal and the HgTe layer. Here, e is the elementary charge. Applying a positive gate voltage V g > 0 increases the carrier density in top and bottom layer by ∆n top and ∆n bott , respectively. Due to screening of the electric field by the top surface layer the induced electron density is higher in the top layer than in the bottom one; while the Fermi level throughout the HgTe layer is constant the different electron density in top and bottom surface layer causes an electrical potential drop between bottom and top surfaces of eφ HgTe . The change of carrier density in top and bottom layer can be written as
is the density of states (DoS) of the electrons on the top (bottom) surface. Thus the following relation holds:
Using charge neutrality and Gauss's law of electrostatics the potential drop in the HgTe layer can be calculated from the electric field E HgTe = e∆n b /ε HgTe ε 0 , induced by the additional electron density ∆n b on the bottom layer:
ε HgTe is the dielectric constant of HgTe and d HgTe is the distance between the electron wave functions of top and bottom surfaces layers, approximated by the thickness of the HgTe layer, d HgTe . Combining formulas 1 and 2 gives a relation between ∆n top and ∆n bot :
This is the expression given by Luryi [18] generalized for non-parabolic dispersion of the surface electrons.
The equivalent circuit
In the main text we discuss the equivalent circuit of a three plate capacitor as a model for the capacitance measured in a topological insulator with metallic gate and top and bottom surface layers. The equivalent circuit is applicable when the Fermi level is in the bulk gap of HgTe and is shown in Fig. 1d and the Supplementary Figure S5d . A similar equivalent circuit has been recently suggested for the same system but a slightly different configuration [21] . The four capacitors drawn in Supplementary Figure S5d 
S5. a and b, Simplified band diagrams of the structure studied for EF is in the bulk gap at Vg = 0 (panel a) and Vg > 0 (panel b). c, d and e, Equivalent circuit for a simple capacitor where one plate consists of a two-dimensional electron gas (c), for our three plate capacitor with EF in the bulk gap (d) and for a three plate capacitor with EF in the conduction band or valence band, respectively (e).
The circuit becomes simpler if one removes the influence of the bottom surface: this can be done by increasing the distance between top and bottom layer (C tb → 0) or by removing the charge carriers (e 2 D b → 0). Then only two capacitors are present in the reduced circuit (Fig. S5c) ; this is the situation relevant for a gated two-dimensional electron system. In contrast, if the Fermi level is lying in the bulk electron or hole band (see Fig. S5e ) the situation becomes more complex. In this case bulk carriers are characterized by a particular wave function across the HgTe layer. A simple approach to model this is to replace the capacitor C tb by two capacitors C tc and C cb representing the potential drop between the maximum of the bulk carriers' wave function (denoted by subscript "c" at a point around the center of the HgTe layer) and the top and bottom of the HgTe layer, respectively. For this the relation C −1
The total sample's capacitance C for the circuit shown in Fig. S5c can be easily derived using Ohm's law and is given by:
In the actual device the relation C gt /A e 2 D t , e 2 D b holds, therefore C ≈ C gt and any variation of the DoS, e.g. in a magnetic field, leads only to a small change of the total capacitance C. An important result which can be derived from Eq. 4 is the sensitivity of the total capacitance C to a change of the DoS of top and bottom layer, D t and D b , respectively:
The ratio of both quantities
is always larger than 1 as long as D b = 0 which means that the total capacitance C is more sensitive to oscillations of the top layer, e.g., the same oscillation amplitude of D t and D b will lead to significantly different oscillation amplitudes in the measured total capacitance C. S4b ) the sample's geometric capacitance is expected to be C gt ≈ 6 pF which is in line with the measured value (≈ 23 pF) if one subtracts the parasitic capacitance of our set up, being around 17 pF.
With the known values of the surface electrons' effective mass m * = 0.030m 0 [16] 
However, in our experiment, described in the main text, we obtain α top = 0.7 × α total , α bot = 0.3 × α total and α top /α bot ≈ 2.3. This discrepancy suggests that the equivalent circuit in Fig. S5d does not fully describe the experimental situation. Most likely this deviation stems from the fact that we neglected the dependence of the surface states' dispersion on the transversal electric field described in [11] . Phenomenologically, this shortcoming can be corrected by introducing a larger effective capacitance of C calc tb /A = 7.5 × 10 −9 F/mm 2 , indicating an enhanced screening in HgTe. This can be achieved by a higher value of the dielectric constant of HgTe or a reduced effective layer thickness.
We note that for both values of C tb given above, the ratio (dC/dD t )/(dC/dD b ) is larger than 5.5, meaning that the sample capacitance is predominantly sensitive to changes of the DoS of the top surface. ntop is the electron density of the top surface; n bot the one of the bottom surface; Ns is the total density of both surfaces plus the bulk electron density; Ps is the bulk hole density. The dashed lines extrapolate the corresponding charge carrier species in regions where data can not be directly extracted. b, The absolute value of the partial filling rates between surface and bulk carriers. The bluish area on both panels corresponds the bulk gap region. "CNP", "Ev" and "Ec" mark the charge neutrality point, top of the valence band and bottom of the conductive band, respectively. Values of the partial filling rates given by dashed lines can not be directly extracted from experiment but are taken from the corresponding equivalent circuit.
The gate voltage dependence of the different carrier species is shown in Fig. S6a . The total electron density N s and the bulk hole density P s were obtained from the low field transport data using the classical (two-carrier) Drude model as described in [7] . The top surface electron density n top was obtained from the periodicity ∆(1/B) of the capacitance oscillations, n top = e(h∆ (1/B) ) −1 , with the period ∆(1/B) on the 1/B scale and Planck's constant h. For V g < 1.5 this technique is not applicable since the oscillations are dominated by bulk holes. The density of the bottom surface electrons was obtained from n bot = N s − n top which holds as long as E F is located in the bulk gap, i.e. V g = 2.2 . . . 4.5 V. In our experiment it is impossible to directly measure the density of electrons on the bottom surface since their response is masked by electrons on the top surface. Consequently the value of n bot can not be derived when the Fermi level is in the valence (because of unknown value of n top ) or the conductance band (because of the unknown value of n bulk ). However, based on the equivalent circuit shown in Fig. S5d and e one can make an educated guess on the partial filing rates. The result of such analysis is shown in Fig. S6b .
RESISTIVE EFFECTS IN THE CAPACITANCE
As mentioned in the main text, resistive effects occur when the condition RCω << 1 becomes invalid, for example when the resistance R of a two-dimensional electron gas connected in series to the capacitance increases at integer filling factors and high magnetic fields. The absence of both leakage currents and resistive effects in the capacitance were controlled by the real part of the measured AC current. A direct manifestation of resistive effects is the frequencydependence of the measured C(V g ) traces. A corresponding example, taken from a sample with larger gate area and therefore larger capacitance is shown in Fig. S7 . The capacitance minimum appearing at the charge neutrality point (CNP) and connected to a gap opening at higher magnetic fields shows a pronounced frequency dependence. The resistive effects are weak up to 34 Hz. With increasing frequency, however, the minimum becomes deeper and the capacitance signal no longer reflects the density of states. Remarkably, in all our samples the resistive effects first appear close the CNP and are much less pronounced at integer filling factors at the same values of magnetic field. Thus the remaining capacitance oscillations reflect the density of states. 
EXPERIMENTAL DATA
In this section we show some of the raw data and outline how they were prepared for the color maps in the main article. Fig. S8a displays the capacitance as a function of gate voltage V g and for magnetic fields between 0 and 13 T. In the color maps we plot the differential magnetocapacitance δC(V g ) = C(V g )| B − C(V g )| B=0 , shown for magnetic fields up to 2 T in Fig. S8b . In order to suppress the noise we used standard band-pass Fourier filtering with the cutoff frequencies f 1 = 0.1 − 0.3 T −1 and f 2 = 1 − 5 T −1 depending on the magnetic field range. The corresponding transport data measured on the same device are plotted in Fig. S9a . Together with the corresponding ρ xy (V g ) traces (not shown) the resistivity data were converted into σ xx (V g ) traces shown in Fig. S9b . Since the value of σ xx varies over several orders of magnitude and in order to improve the clarity of the color maps (Fig. 3d ) each σ xx (V g ) trace was normalized with respect to its average value using σ normalized xx (V g ) = σ xx (V g )/ < σ xx >, where < ... > means averaging over the whole V g range. After the normalization procedure the average value of each trace is equal to 1.
The σ xx (V g ) data taken at lower magnetic fields are shown in the Fig. S10a . To work out the oscillations more clearly we plot the second derivative d 2 σ xx (V g )/dV 2 g of the traces, shown in panel a of Fig. S10b . In order to visualize the low-field oscillations clearly on the color maps each d 2 σ xx (V g )/dV 2 g trace was normalized by its root mean square (RMS) value taken over the whole V g scale. Finally we applied standard low-pass Fourier filtering to remove random noise which is quite pronounced for the lowest field (B ≤ 0.3 T) traces. 
